In this study, the structure and electronic properties of the spinel compound Li 4 Ti 5 O 12 (LTO) are investigated both theoretical and experimental methods. The experimental studies of structural and electronic properties were performed by X-ray diffraction and UV-visible spectroscopy. The first principles calculations allowed to establish the relationship between the structure and electronic properties. The spinel type structure of LTO is refined by the Rietveld analysis using the X-ray diffraction (XRD). The band gap of LTO was determined to be 3.55 eV using the UV-visible absorption spectra. The Density functional theory (DFT) augmented without and with the Hubbard U correction (GGA and GGA +U+J 0 ) is used to elucidate the electronic structure of LTO. We have performed systematic studies of the first principles calculations based on the GGA and GGA+U for the crystal structure and electronic properties of spinel LTO. We propose that a Hubbard U correction improves the DFT results. (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. Li 4 Ti 5 O 12 +3Li + +3e -= Li 7 Ti 5 O 12 .
INTRODUCTION
The spinel type Li 4 Ti 5 O 12 (LTO) is one of the most promising anode materials for the lithium ion batteries due to features of excellent structural stability, high power density, long cycle life and environmental tolerance [1] [2] [3] [4] . Deschanvres et al. reported on a spinel phase of lithium titanium oxides described as Li 1+x Ti 2-x O 4 (0 < x < 1/3) in the Li-Ti-O system [5] . Numerous studies were carried out since spinel LTO was first introduced as an anode material for lithium ion batteries [6] . The slight volume change in the charge/discharge process is among the most important characteristics of this material [7] . Since spinel LTO is a zero -strain insertion material, this property governs the extraordinary cycling stability of LTO. Therefore, the insertion and extraction of lithium are reversible [8] . It was clearly shown in several investigations that volume change of the LTO crystal during the charge/discharge cycling is less than 0.2 % [9] . These advantages make LTO become the most promising anode materials for the lithium ion batteries applied in large scale energy storage and electronic devices [10, 11] . The spinel LTO compound has a cubic structure with a space group symmetry Fd3 m (No -227) [12] . In the spinel structure, lithium atoms occupy all the tetrahedral 8a sites. The octahedral 16d sites are occupied randomly by lithium atoms 1/6 and titanium atoms 5/6 and all the 32e sites are fully occupied with O atoms [13] [14] [15] [16] . Therefore, its empirical formula is written as [Li] [17] . The theoretical capacity of spinel lithium titanate is 175 mАh/g [18] . This material works between the delithiated state spinel Li 4 [19] , where three Li + ions can be intercalated electrochemically in spinel LTO at flat potential of 1.55 V vs Li/Li + [20] . During intercalation process, lithium moves from tetrahedral 8a sites toward the octahedral 16c sites [21, 22] . The reaction equation of such system is written as:
To enhance the electrical performance of LTO many techniques are being used, such as doping aliovalent atoms (Sc 3+ , Ta 5+ , V 5+ , Nb 5+ , Al 3+ , Mg 2+ ), size reduction, surface coating or hybridizing with conductive materials (Ag, Cu, C and graphene) [23, 24] . In this paper, we report the the structural and electronic properties of the spinel LTO evaluated by X-ray diffraction analysis, UV-visible spectrometry and the first principles calculations. Here, the simulation results are compared with the experimental data.
EXPERIMENTAL
The LTO was prepared by solid state reaction method. The raw materials TiO 2 (99.9 %, Sigma Aldrich) and Li 2 CO 3 (99.9 %, Sigma Aldrich) were mixed by ball milling for 24 h and then calcined at 800 °C for 2 h in the air in the same technique as described in our previous investigation [25] . The powder X-ray diffraction (XRD) data of the sample was collected on a Maxima-X7000 diffractometer for the diffraction angles between 100 and 900 with the increment of 0.020. The lattice parameter is obtained from the Rietveld refinement. To this end, the Rietveld refinement was performed with Fullprof software using Pseudo-Voigt peak function [26] [27] [28] [29] . Further, the crystallite size in the sample was estimated by the Scherrer equation from XRD pattern. The UV-visible absorption spectra measurements were carried out on a Shimadzu UV-2550 UV-visible spectrometer over the spectral range from 200 to 800 nm with BaSO 4 as the background. The data processing was performed with the UV Probe software.
Computational details:
The calculations are based on the projector augmented wave (PAW) selfconsistent field method using the generalized gradient approximation (GGA) proposed by Perdew, Burke and Enzerhof (PBE) [30] within the framework of density functional theory (DFT) [31, 32] , as implemented in the QUANTUM ESPRESSO package [33] . The interaction between the ions and valence electrons is expressed as the ultrasoft pseudopotential [34] . The following electronic states are treated as valence states: Li (1s 2 2s 1 ), Ti (3s 2 3p 6 3d 2 4s 2 ) and O (2s 2 2p 4 ). The wave functions are expressed as plane waves up to a kinetic energy cutoff of 40 Ry and the kinetic energy cutoff for charge density and potential is chosen as 320 Ry. The threedimensional Fast Fourier Transform (FFT) meshes for charge density, SCF potential and wave function FFT and smooth part of charge density are chosen to be (60 x 60 x 60) grids. There might be need to use finer k-points meshes for a better evaluation of on -site occupations in the strong correlated system. The summation of charge densities is carried out using the special k-points restricted by the (5 x 5 x 5) grids of Monkhorst -Pack scheme due to the computer power ability [35] .
The tetrahedral method is used when the electronic densities of state (DOS) are evaluated [36] . To obtain the optimized atomic structures, ionic positions and lattice parameters are fully relaxed until the residual forces are less than 0.05 eV/Å for each atom. The occupation numbers of electrons are expressed by Gaussian distribution function with an electronic temperature of k B T = 0.02 Ry. The mixing mode of charge density is chosen to be local density dependent Tomas -Fermi (TF) screening for highly inhomogeneous systems. Its mixing factor for self-consistency is to be 0.2 and the number of iterations used in mixing scheme is 5. The generalized eigenvalue problem is solved by the iterative diagonalization using the conjugate gradient (CG) minimization technique, and the starting wave function is chosen from superposition of atomic orbitals plus a superimposed "randomization" of atomic orbitals in all our calculation [33, 37] . In order to express the strong correlated effect of electrons in the Ti-3d state, we used the extended Hubbard -based Hamiltonian including the effective magnetic exchange interaction parameter J 0 and the on -site Coulomb interaction is chosen to be U = 4 -8 eV using the simplified rotational -invariant formulation based on the linearresponse method [38] . The Hubbard parameter, which is used to the perturbation to compute J 0 with the linear -response method, is chosen to be 1 eV [39] . Atomic wave functions used for GGA + U + J 0 projector were not orthogonalized.
RESULTS AND DISCUSSION
The X-ray diffraction patterns of synthesized LTO are shown in Figure 1 . All the sharp diffraction peaks can be indexed on the basis of a cubic spinel structure, Li 4 The crystal structure of LTO is shown in Figure 2 .
Here, lithium atoms are occupying all the tetrahedral 8a sites. Blue octahedral 16d sites are occupied randomly by lithium atoms 1/6 and titanium atoms 5/6, and the 32e sites are fully occupied by O atoms. In order to further elucidate the structural and electronic properties of spinel LTO, the DFT analysis was used. The lattice parameter of the unit cell is optimized for different values of U ranging from 4 to 8 eV. The calculated lattice parameters for selected U values are presented in Table 2 . The calculated lattice parameter increased up to 8.6948 Å with increase of U values.
Our calculated values are estimated to be 2-3 % higher than experimentally defined value (8.3558 Å). In Figure 3a , the UV-visible spectra of spinel LTO are shown. The cut off edge is observed at 282 nm. The band gapof LTO can be evaluated from the UV-vis spectra by Tauc plot of versus (hv) and extrapolation of the linear portion of the curve to the energy axis according to [40] :
U (eV) a = b = c (Å) E g (eV)
where, E is the photon energy, B is a constant, λ π α k 4 = and k are the absorption and extinction coefficients respectively. As shown in Figure 3b , the band gap energy of LTO estimated by extrapolating the linear part of [F(R)hv] 1/2 plot to the energy axis is 3.55 eV. Hence, spinel LTO is an insulating material, which the bandgap is defined by the occupied O-2p valence states and empty Ti-3d conduction band [8] . In order to investigate the electronic properties of LTO, the band structure calculation is implemented. The total and orbital projected density of states (TDOS & PDOS) of LTO for different U values are presented in Figure 4 . The band gap values of LTO are summarized in Table 2 , and these values are calculated to be in the range of 3.24 -3.58 eV. From these data, one can see that band gaps at U = 7 and 8 eV are relatively close to the experimental result. For U = 7 eV (U = 8 eV), the occupied bands of O-2p state are sited at the energy range between the -5.13 eV and -1.99 eV 
CONCLUSIONS
In this study, the crystal structure and electronic properties of spinel LTO have been determined with the experimental and theoretical methods. The cubic spinel structure (Fd3 m space group) with cell parameter a=8.3558 Å structure was identified by the X-ray diffraction method. The analysis of the UV-visible spectra of LTO demonstrates a band gap of about 3.55 eV. The GGA + U+ J 0 approach was used in investigation of the structural and electronic properties of LTO. The predicted cell parameters values are estimated to be 2-3 % higher than experimentally defined value.The calculated electronic structures shown that the spinel LTO is an insulator with band gap defined by the occupied O -2p states and empty Ti -3d states.The calculated band gap value is found to be 3.54 eV, which is in good agreement with the experimental result. 
